The G␣ subunits of heterotrimeric G proteins (G␣␤␥) mediate signal transduction via activation by receptors and subsequent interaction with downstream effectors. Crystal structures indicate that conformational changes in ''switch'' sequences of G␣, controlled by the identity of the bound nucleotide (GDP and GTP), modulate binding affinities to the G␤␥ subunits, receptor, and effector proteins. To investigate the solution structure and dynamics of G␣i1 through the G protein cycle, nitroxide side chains (R1) were introduced at sites in switch II and at a site in helix ␣4, a putative effector binding region. In the inactive G␣i1(GDP) state, the EPR spectra are compatible with conformational polymorphism in switch II. Upon complex formation with G␤␥, motions of R1 are highly constrained, reflecting direct contact interactions at the G␣i1-G␤ interface; remarkably, the presence of R1 at the sites investigated does not substantially affect the binding affinity. Complex formation between the heterotrimer and activated rhodopsin leads to a dramatic change in R1 motion at residue 217 in the receptor-binding ␣2͞␤4 loop and smaller allosteric changes at the G␣i1-G␤␥ interface distant from the receptor binding surface. Upon addition of GTP␥S, the activated G␣i1(GTP) subunit dissociates from the complex, and switch II is transformed to a unique conformation similar to that in crystal structures but with a flexible backbone. A previously unreported activation-dependent change in ␣4, distant from the interaction surface, supports a role for this helix in effector binding.
H
eterotrimeric G proteins (G␣␤␥) mediate signal transduction and amplification in a variety of cell signaling pathways (1) (2) (3) . A constellation of homologous but distinct G␣ subunits confers specificity for a particular pathway. In the inactive state, the G␣ subunit of the heterotrimer contains a bound GDP [G␣(GDP)] and has a high affinity for G␤␥. When activated by an appropriate signal, membrane-bound G protein-coupled receptors bind the heterotrimer in a quaternary complex and catalyze exchange of the bound GDP for GTP in G␣. The affinity of G␣(GTP) for G␤␥ is dramatically reduced relative to G␣(GDP), resulting in functional dissociation of active G␣(GTP) from the membrane-bound complex. The active G␣(GTP) subsequently binds downstream effector proteins to trigger a variety of regulatory events, depending on the particular system. Intrinsic GTPase activity of G␣ returns it to the inactive G␣(GDP) form that again binds G␤␥, completing the G protein cycle.
The structural changes in G␣ that accompany nucleotide exchange and the means by which the activated receptor catalyzes the nucleotide exchange are central to understanding the mechanism of signal transduction. Crystal structures for ␣ subunits of the homologous G proteins Gt (transducin) and Gi1 have been determined for both the GDP and GTP␥S bound forms (4) (5) (6) (7) and reveal that the nucleotide modulates the structure of three sequences, designated switches I-III. Two of these sequences (switch I and II) are located at the G␣-G␤ interface in the heterotrimer (8) and at the interface with effector proteins (9) , and both make direct contact with the bound nucleotide. In G␣t(GTP␥S) a short helix (␣2) in switch II is displaced Ϸ8 Å relative to G␣t(GDP) (Fig. 1A) ; in G␣i1(GDP), switch II is not resolved because of disorder in the lattice, but in G␣i1(GTP␥S) it has a similar conformation to that in G␣t(GTP␥S). The difference between switch II conformation in G␣t(GDP) and G␣i1(GDP) may be due to crystal lattice contacts at switch II in the former, which are absent in G␣i1(GDP). If this is the case, switch II might be expected to be flexible in the G␣(GDP) states in solution, a view supported by NMR studies of corresponding regions of the small G proteins ras and Cdc42Hs (10) (11) (12) (13) . Crystal lattice forces are sufficiently strong to distort flexible structures; indeed, crystal structures of GDP bound ras from different space groups have different structures in switch II (14) . This raises the possibility that the structures of the switches in the active G␣(GTP␥S) states in solution may differ from that in crystal as well, because they are located at lattice contacts in the crystals of Gt␣(GTP␥S) and G␣i1(GTP␥S) (5, 7). Moreover, it has recently been shown that the unusual solvent conditions required for crystallization can strongly affect protein conformation of flexible sequences (15) . Thus, it is of interest to compare the status of the switch regions of G␣(GDP) and G␣(GTP␥S) in solution with those in the crystal. Crystal structures are available for the heterotrimeric Gt␣␤␥(GDP) (8) and Gi1␣␤␥(GDP) (16) (Fig. 1B) , in which switch II adopts a yet another conformation, but little structural information is available on the important complex between any heterotrimeric G protein and the activated receptor.
In the present study, site-directed spin labeling (SDSL) is used to investigate the structure and dynamics of switch II and another putative switch region in helix ␣4 (17) along the activation pathway in the visual signal transduction system. Rhodopsin serves as a model G protein-coupled receptor, and G␣i1 was used as a fully functional mimic of the visual G␣t because it can be expressed in bacterial systems and is homologous to the transducin ␣ subunit (18) . In SDSL, a nitroxide side chain (R1) is introduced (Fig. 1C) , and the motion of the nitroxide on the nanosecond time scale is extracted from the EPR spectra by using qualitative evaluation (19, 20) or spectral simulations (21) . In helices and loops at solvent exposed sites where the nitroxide does not contact other residues, the internal motion of R1 is dominated by torsional oscillations of dihedrals X4 and X5 (Fig. 1C) (22, 23) , giving rise to a characteristic z axis anisotropic motion of the nitroxide (23) . This inherent motion is modulated by backbone motion on the nanosecond time scale, and variations in motion of R1 at different sites in helices reflect variations in local backbone motions (24, 25) . The internal motion of R1 is also modulated by weak interactions of the nitroxide, a situation readily recognized in the lineshape by the appearance of features corresponding to reduced amplitudes and͞or rates of motion. This property confers spectral sensitivity to the local structure of the protein (26, 27) . Thus, the EPR spectra of R1 at a selected set of sites can be used to gain information on both local backbone dynamics and conformation.
To investigate G␣i1 with SDSL, R1 residues were introduced, one at a time, at sites along the switch II sequence and one within helix ␣4. For each of the spin-labeled mutants in solution, EPR spectra were recorded in four states: (i) G␣i1(GDP) alone; (ii) G␣i1(GDP)G␤␥; (iii) the heterotrimer in complex with activated rhodopsin (R*) in native membranes in the absence of added nucleotide; and (iv) the activated G␣i1(GTP␥S), formed by addition of GTP␥S to the complex. As described below, the EPR spectra report salient structural and dynamical features of switch II in each state, providing a basis for comparison with crystal structure where available, and providing the first information on the status of the G␣-G␤␥ interface in the receptor complex at the membrane surface. Fig. 1 shows the sites of introduction of R1 in the structure of the G␣i1␤␥ heterotrimer (16) (Fig. 1B) and the corresponding sites in the overlaid structures of the G␣t(GDP) (4) and G␣t(GTPgS) (5) subunits (Fig. 1 A) . Sites 206, 209, 211, 214, and 217 are in switch II, and site 300 is in ␣4. The spin-labeled derivatives of G␣i1(GDP) bind to G␤␥ (see below) and show essentially WT activity with respect to R* binding and nucleotide exchange (Fig.  5 , which is published as supporting information on the PNAS web site). To follow structural͞dynamical changes in G␣, a series of EPR spectra were collected after sequential sample additions to each R1-labeled G␣i1 mutant as indicated in the top row of Fig. 2 . Spectral simulations are used in some cases to estimate the orders and rates of nitroxide motion, given, respectively, by the order parameter (S) and effective correlation time () (21, 23) .
Results
The G␣i1(GDP) Inactive State. The EPR spectra for the G␣i1(GDP) state are shown in the left column of Fig. 2 . The spectra of R1 in ␣2 and at site 300 in ␣4 are remarkably similar to each other and are reasonably well fit to a model with two components (dashed traces in Fig. 2) , one of which corresponds to an R1 population with weakly ordered and fast anisotropic motion (S Ϸ 0.25, ϭ 2-3 ns) and the other with isotropic slow motion (S Ϸ 0; Ϸ 8.5 ns) (m and i arrows, respectively, in Fig. 2 ). Site 217R1, in a loop after ␣2, is also fit with a two-component model but is dominated by a mobile population with fast isotropic motion (S Ϸ 0; ϭ 1.5 ns), consistent with a flexible loop structure (26) . The switch II sequence is not resolved in the crystal structure of G␣i1(GDP) but is helical in the homologous G␣t(GDP) crystal structure with average thermal factors. The similar EPR spectra along the sequence are not compatible with the expected site-to-site variations in R1 motion along the helix, particularly for 214R1, which is located at a buried site and would be strongly immobilized. Implications of the EPR spectra regarding the probable solution structure in G␣i1(GDP) will be considered in Discussion.
Helix ␣4 is well ordered in crystal structures of G␣i1(GDP), where its N terminus resides at a contact site with a symmetryrelated molecule. Residue Ala-300 is on the buried surface of the helix (solvent accessibility 4%), and R1 cannot be modeled without severe atomic overlaps. However, the high reactivity of the Ala300Cys mutant with the spin labeling reagent (see Materials and Methods) suggests high accessibility in solution, consistent with the presence of a component in the EPR spectrum reflecting a mobile state of R1. These results imply a structure in solution different from that in the crystal or that the structure is in equilibrium with other conformations in which residue 300 has a larger solvent accessibility. The G␣i1(GDP)␤␥ Heterotrimer. The switch II sequence makes direct contact with the G␤ subunit upon heterotrimer formation (Fig. 1B) . R1 side chains in switch II at G␤ interface would thus be expected to become immobilized upon heterotrimer formation. This is indeed the case, as shown by the greatly increased intensity of a spectral component corresponding to a strongly immobilized state of R1 upon addition of G␤␥ (i component) (Fig. 2, second column) . The presence of substantial mobile components in the spectra of 206R1 and 217R1 (m component), located at the N terminus of ␣2 and a loop after the C terminus, respectively, is compatible with the crystal structure of the heterotrimer; at these sites, the R1 side chain can project away from the interface, removing constraints on the motion (see, for example, the model of 217R1 in Fig. 1B) . Interestingly, the spectrum of 300R1 in ␣4, distant from the binding interface, also shows significant immobilization, indicating allosteric changes propagated through G␣ upon heterotrimer formation. Complexation with G␤␥ increases the rotational correlation time of G␣i1 by a factor of Ϸ2, but this cannot account for the changes in R1 mobility. For example, increasing the viscosity of the medium by a factor of 2 with Ficoll increases the rotational correlation time of G␣i1 by the same factor but has only minor effects on the spectrum of 214R1 (data not shown).
To evaluate the level of perturbation caused by introduction of R1 at the subunit interface, G␤␥ was titrated into solutions containing a fixed concentration of the individual spin-labeled G␣i1 subunits. In these experiments, changes in normalized EPR spectral intensity served as an indicator of heterotrimer formation. Fig. 3 shows example spectra for 209R1 and a plot of the fractional change in intensity [(I Ϫ I final )͞(I initial Ϫ I final )] at the indicated field position versus the concentration of G␤␥ added to the solution. Similar data are included for the other mutants investigated. The solid line in the plot is calculated for K d ϭ 50 nM, the dissociation constant for the Hexa I base mutant of G␣i1 used in the present experiments (28) (see Materials and Methods). As is evident, the presence of R1 at the interaction interface apparently has remarkably little effect on the binding.
The G␣i1(0) ␤␥-Receptor Complex (the ''Empty Complex''). Binding of the heterotrimer to R* in the absence of GTP results in the release of GDP from G␣ and the formation of a high-affinity ''empty'' (no nucleotide bound) complex at the membrane Monitoring conformational changes in G␣. The top row shows the states of G␣i1 investigated along the activation pathway; below each state are shown the corresponding EPR spectra at the sites investigated, color-coded according to the G␣i1 state. All spectra were normalized to the same number of spins. MOMD simulations of GDP and GTP␥S bound forms are shown as offset dotted lines. Arrows highlight immobilized (i) and mobile (m) spectral components. The spectra for the heterotrimer and empty complex are multiplied by 2. Difference spectra (empty complex Ϫ heterotrimer, cyan, third column) illustrate the EPR changes due to R* binding.
surface (29) . Under the conditions of the experiments, all spin-labeled G␣i1␤␥ mutants show essentially WT levels of binding to R* (Ϸ50-80% bound) (Fig. 5) . The EPR spectra for the heterotrimer show little change upon addition of rod outer segment (ROS) membranes in the dark (data not shown). However, upon photoactivation, a distinctive pattern of EPR spectral changes relative to the heterotrimer alone is observed that is seen in the difference of the normalized EPR data (empty complex Ϫ heterotrimer) (column 3, cyan traces) or in direct spectral overlays of the two states (Fig. 6 , which is published as supporting information on the PNAS web site). The presence of some fraction of unbound heterotrimer (20-50%) will not affect the shape of the difference spectra but will underestimate the magnitude. In the difference spectra, positive and negative amplitudes in the low-field region reflect increases and decreases, respectively, in populations of mobile (m) and immobile (i) states that are reciprocally related. As is evident, there is a substantial shift in the population toward more mobile states for 206R1, a subtle change at 209R1 in the same direction, very small changes at 211R1 and 214R1, and a large opposite shift toward more immobilized states for 217R1. The changes at 206 and 209 reveal structural rearrangements at the G␣-G␤␥ interface due to complex formation, but the immobilization of 217R1 likely reflects direct receptor contact, because it projects directly toward the putative binding interface (Fig. 1B) . Once again, the spectrum of 300R1, distant from both the G␣-G␤ interface and the putative receptor contact surface, reports a change triggered by R* interactions.
The G␣i1(GTP␥S)-Activated State. Addition of GTP␥S to the spinlabeled empty complex results in dissociation of the activated G␣i1(GTP␥S) subunit from G␤␥ and the receptor (29) (Fig. 5) , with concomitant changes in the corresponding EPR spectra (Fig. 2, last column) . For all but 217R1, the EPR spectra of the activated subunit G␣i1(GTP␥S) are dramatically different from those of G␣i1(GDP) and identify structural and dynamical changes in both switch II and in ␣4 that are directly coupled to the change in nucleotide (see Fig. 6 for a direct spectral comparison).
The crystal structure of G␣i1(GTP␥S) is shown in Fig. 4 along with models of the R1 side chain in a favored rotameric state (see Materials and Methods) at selected sites in ␣2. At the N terminus of ␣2, 206R1 and 209R1 are located at the solvent-exposed surface of the helix where little contact with the surrounding structure is expected. In accord with this expectation, the spectra of both 206R1 and 209R1 are well fit with a dominant component of weakly ordered and fast motion (S Ϸ 0.2, Ϸ 1.6 ns) (dashed curves in Fig. 2, last column) , characteristic of R1 residues in a flexible helical structure (24) . For reference, R1 in a well ordered helix at a noninteracting solvent exposed site has S Ϸ 0.45, Ϸ 2 ns (23). The spectrum of 211R1 contains a dominant immobilized population, again consistent with the crystal structure, where it is located at a relatively buried site (position marked by a sphere at C␣).
The EPR spectrum of 214R1 is striking and has been previously observed only for R1 at a single site in a short helix of CRBP (30) ; the spectrum of 300R1 is similar. Fitting these spectra (dashed traces) reveals a single dynamic mode with high ordering and fast motion (S Ϸ 0.6, ϭ 0.6 ns) about the nitroxide x axis (along the NOO bond) (Fig. 1C) . This is in contrast to the z axis ordering typical of R1 at most helical sites, including those at 206 and 209 in G␣i1(GTP␥S) discussed above. This unusual motion, confirmed by simulation of spectra collected at three microwave frequencies (S, X, and Q bands) (Fig. 7 , which is published as supporting information on the PNAS web site), could in principle arise from either backbone fluctuations or internal motions in R1. Addition of a 4-methyl group in the nitroxide ring (R1b) (Fig. 4B ) has previously been shown to selectively restrict torsional oscillations about X5 and provides a means of identifying a contribution due to that motion (24) . The spectrum of 214R1b is strongly immobilized (Fig. 4C) , demonstrating that the motion arises primarily within the side chain, although some contribution from the flexible backbone is likely. The terminal bond vector (X5) (Fig. 1C) has a substantial projection along the NOO bond, and rapid motion about X5 could give rise to the observed x axis anisotropy. The spacefilling model of Fig. 4D suggests how this situation may occur; the side chain of R1 at 214 is entirely sequestered in the structure up to the nitroxide ring, allowing free motion only about X5. In contrast, the 206R1 and 209R1 side chains are unrestricted with respect to X4 and X5, giving rise to the z axis anisotropy previously described (Fig. 4D) (23) . The essentially identical motion of 300R1 in ␣4 likely arises from a similar unique environment, which is not provided by the crystal structure; as pointed out above, 300R1 cannot be modeled in the crystal structures of G␣. Thus, as for G␣i1(GDP), the solution structure of G␣i1(GTP␥S) must be different from that in the crystal in the neighborhood of residue 300 in the spin-labeled protein.
Discussion
The function of G proteins is based on guanine nucleotide-driven structural rearrangements in the switch regions of G␣. In the inactive, G␣(GDP)␤␥ heterotrimer, G␤␥ significantly alters the conformation of switches I and II, thereby dismantling the binding sites for Mg 2ϩ and the GTP ␥-phosphate, explaining the observation that GTP and G␤␥ binding to G␣ are negatively cooperative (31) . Receptor-mediated GDP release leads to an empty GDPbinding pocket and a cooperative high-affinity interaction with the receptor that is released when GTP binds. NMR studies have begun to identify structural changes in G␣ that are related to guanine nucleotide exchange. However, at this point only four resonance assignments have been made in 15 N filtered HSQC experiments (32, 33) , and no data have yet been reported on the structure of the important rhodopsin bound complex. The SDSL study reported here is the first to examine molecular changes underlying the complete G protein cycle in solution. A significant finding is that switch II in the active G␣(GTP␥S) state is more flexible, not less, as was thought from the crystal structures, than the inactive G␣(GDP) form. Implications for function are discussed below.
Solution Structure and Dynamics in G␣i1(GDP) and G␣i1(GTP␥S).
The two-component EPR spectra of R1 at sites 206, 209, 211, and 214 in G␣i1(GDP) could in principle arise from two rotamers of R1 in which the nitroxide experiences two environments (22) , but it could also arise from two conformations of switch II in slow exchange (microseconds to milliseconds) on the EPR time scale. Given the facts that switch II is disordered in the G␣i1(GDP) crystal structure and that slow conformational exchange (milliseconds) is observed in switch II in solution structures of small G proteins (10, 13), a plausible interpretation of the EPR data are that switch II in G␣i1(GDP) is also in slow conformational exchange between at least two states in solution. This interpretation is further supported by the striking similarity of the spectra at all sites, which is not expected for a uniquely ordered structure, such as that seen in the homologous G␣t(GDP) structure. Upon formation of the activated G␣i1(GTP␥S) state, the dramatic changes in the EPR spectra signal a change in conformation of switch II to a single ordered state compatible with that observed in the crystal structure. The structure offers a natural explanation for the unique EPR line shape of 214R1 and accounts for the lack of change upon activation at 217R1, which is located at a hinge for ␣2 motions (Fig. 1 A) . A feature not appreciated from the crystal structure is the apparent flexibility on the nanosecond time scale of at least the N-terminal portion of ␣2 in the activated state; the crystallographic thermal factors in this region are average for the structure. Interestingly, the C terminus of G␣i and the ''finger loop'' of arrestin, both interaction sequences in the binding to activated rhodopsin, are also highly flexible in solution (34, 35) . Moreover, the third cytoplasmic loop of rhodopsin, involved in both interactions (36, 37) , is itself highly flexible (25) . The flexibility in each case is on the nanosecond time scale, as compared with the microseconds to milliseconds time scale for conformational exchange. These data suggest that enhanced backbone flexibility may be a general feature of protein-protein interaction sequences in signal transduction and that part of the trigger involved in activation of G␣ may be the release of constraints on ␣2 to generate flexibility.
A finding of this study is the conformational change in ␣4 detected by 300R1 upon G␣i1 activation, which is not predicted from the essentially identical conformation around this site in all crystal structures of G␣, irrespective of the identity of the bound nucleotide. The difference between the solution and crystal structures may be due to the contact of ␣4 with a symmetryrelated molecule in the crystal lattice. The structural origin of the EPR spectral change cannot be inferred from data on a single site; nevertheless, the unspecified change supports previous data that ␣4 may be involved in effector protein interactions triggered by G␣ activation (17) .
Heterotrimer Formation and the Receptor Empty Complex. All mutants of G␣i1(GDP) bearing R1 in switch II form heterotrimers with G␤␥ with a K d similar to that for the WT subunits (28) , despite the presence of R1 directly at the G␣i1(GDP)-G␤␥ interface (Figs. 1B and 3 ). This result joins earlier observations that R1 is tolerated at contact surfaces in arrestin-rhodopsin interactions (35) and in SecA-SecB interactions (19) . This result may not be general, but as long as highly specific polar interactions are not perturbed, the nonpolar and flexible nature of the R1 side chain apparently allows such substitutions to be made with retention of function.
The EPR spectra of R1 at all sites along switch II in the Gi␣1(GDP)␤␥ heterotrimer are compatible with the corresponding crystal structure. On the other hand, the decrease in mobility of 300R1 upon heterotrimer formation reveals a conformational transition in ␣4 not obvious from an alignment of the nucleotide binding domains of the G␣i1(GDP) and G␣i1(GDP)␤␥ crystal structures. This interesting result implies that long-range structural changes are propagated through G␣i1 from the G␣-G␤␥ interface to ␣4 upon heterotrimer formation.
Complex formation between the G␣i1(GDP)␤␥ heterotrimer and photoactivated rhodopsin triggers changes in the heterotrimer that result in dissociation of GDP to form the empty complex. Current models for the complex involve structural changes propagated from the receptor interaction surface through the heterotrimer to reach the nucleotide binding site some 30 Å away (Fig. 1B) . Recently, SDSL studies have identified one such change, propagated by rigid body motions of helix ␣5 directly to the nucleotide binding site in G␣i1 (34) . The results presented here identify another allosteric change wherein the G␣i1-G␤␥ interface is modulated by receptor activation, perhaps coupled to GDP release.
Mechanisms whereby receptor interaction directly modulates the G␣-G␤␥ interface to cause GDP release have been proposed. In a ''lever-arm'' model, both the C and N termini of G␣ interact with the receptor in such a way as to rotate G␤␥ away from G␣, pulling switches I and II with it and opening a door for escape of the nucleotide (38, 39) . Conversely, the ''gearshift'' model proposes that a motion occurs in the opposite direction, i.e., rotation of G␤␥ into G␣ (40) . Although the R1 side chains in switch II clearly identify changes at this interface, the data are too sparse to evaluate the models.
In summary, this study illustrates the capability of SDSL to map structural and dynamical changes in a G protein along the activation pathway using nanomole quantities of protein at ambient temperature without restrictions regarding molecular weight or complexity of the species involved. Crystal structures play a key role in providing a starting point for interpretation of the EPR data, which in turn provide a means for evaluating the influence of the crystal environment on structure as well as a new dimension of dynamic information on the protein and its complexes in solution. The important findings observed here are the increase in dynamics in switch II upon G␣ activation and the identification of an allosteric change at the G␣-G␤␥ interface triggered by interactions with activated receptor; the strong immobilization of 217R1 at the C terminus of switch II likely reflects direct receptor contact.
Materials and Methods
Materials. GDP and guanosine 5Ј-O-(3-thiotriphosphate) (GTP␥S) were from Sigma (St. Louis, MO). The sulfhydryl spin-label reagent, S- (1-oxy-2,2,5 ,5-tetramethylpyrroline-3-methyl)-methanethiosulfonate, was a generous gift from Kalman Hideg (University of Pecs, Pecs, Hungary). All other reagents and chemicals were of the highest available purity.
Preparation of ROS Membranes and G␤␥ Subunits. Urea-washed ROS membranes and Gb 1 ␥ 1 were prepared as previously described (28) and stored at Ϫ80°C. All ROS and G␤␥ samples were buffer-exchanged into 20 mM Mes (pH 6.8), 100 mM NaCl, 2 mM MgCl 2 , and 10% glycerol before EPR experiments.
Construction, Expression, and Purification of Mutant Proteins.
Briefly, a plasmid encoding G␣i1 was used which contained six amino acid substitutions at solvent-exposed cysteines (C3S-C66A-C214S-C305S-C325A-C351I) and a hexahistidine tag between amino acid residues Met-119 and Thr-120 (28) . This construct served as a template for introducing individual cysteine substitutions using the QuikChange system (Stratagene, La Jolla, CA). All mutations were confirmed by DNA sequencing (DNA Sequencing Facility, Vanderbilt University, Nashville, TN). The mutant constructs were then transformed in Escherichia coli BL21-Gold (DE3) (Stratagene), expressed, and purified as previously described (28) . Spin-labeling was carried out in a buffer containing 20 mM MES (pH 6.8), 100 mM NaCl, 2 mM MgCl 2 , 50 M GDP, and 10% glycerol (vol͞vol). The G␣i1 mutants were incubated with S- (1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl) -methanethiosulfonate at a 1:1 molar ratio at room temperature for 5 min. Under these conditions, only the most reactive Cys residues were modified, and the remaining buried native cysteine residues were unreactive (28) . Any excess spin-labeling reagent was removed by extensive washing with buffer using a 30-kDa concentrator. For EPR spectroscopy, a series of spectra were recorded for each spin-labeled mutant. First, G␣i1 mutants (30 M) were loaded into a sealed quartz flat cell, and spectra were recorded at room temperature on a Bruker E580 spectrometer by using a highsensitivity resonator at X-band microwave frequency. The data were typically averages of 20-50 scans. G␤␥ was then added in a 1:1 molar ratio to form heterotrimers. The diluted samples were concentrated to the same concentration as the initial G␣i1 mutants, and the EPR spectra were recorded both alone in solution and upon addition of urea-washed ROS in the dark (150 M). The sample was subsequently irradiated for 30 s by using a tungsten lamp (cutoff filter, Ͼ 500 nm), and the EPR spectra were recorded immediately after bleaching. Finally, GTP␥S (200 M) was added to the samples to form activated G␣i1.
Fitting of spectra to the MOMD model of Freed and coworkers (21) followed previously published methods using principle values for the A and g tensors of Axx ϭ Ayy ϭ 6 G, Azz ϭ 37G, gxx ϭ 2.0078, gyy ϭ 2.0058, and gzz ϭ 2.0023. The R1 side chain was modeled with X1 ϭ Ϫ60°and X2 ϭ Ϫ60°, a rotamer commonly observed in crystal structures of the side chain in T4 lysozyme (22) 
